Chip-on-film (COF) technology has been developed for liquid crystal displays (LCD) due to its high yield capability in fine pitch products. In this study, a new COF thermosonic (TS) bonding process using anisotropic conductive adhesive and ultrasonic vibrations will be introduced. Si chips with 16 cylindrical Cu bumps (¤100 µm) and polyimide (PI) film substrate with a thickness of 70 µm were prepared. For the bonding condition, the bonding temperature and ultrasonic time were varied from 413 to 453 K and from 0.5 to 1 s, respectively. Also, thermocompression (TC) bonding was conducted with a bonding temperature of 453 K and bonding time of 8 s to compare it to the bonding characteristics of TS bonding. The shear strength and electrical resistance of COF assemblies were measured to verify the feasibility of COF TS bonding using ACFs. The cross-sectional inspection and fracture surface analysis of COF joints were also conducted using field-emission scanning electron microscopy (FE-SEM). As a result, the mechanical and electrical properties of the COF assembly were improved by increasing the bonding temperature and ultrasonic dwell time. It was also determined that ultrasonic energy has a significant influence in improving the mechanical and electrical properties of the TS COF assembly.
Introduction
In the liquid crystal display (LCD) industry, chip-on-film (COF) technology has been rapidly developed after tape automatic bonding (TAB) and chip-on-glass (COG) technology, due to its fine-pitch interconnection capability, low electrical resistance, and pretest capability compared to COG. 13) COF is very similar to TAB from the view point of chip bonding on the flexible substrate. However, as shown in Fig. 1 , a difference in the material exists in that the substrates of COF and TAB have a two-layer structure (Cu/ PI) and three-layer structure (Cu/Adhesive/PI), respectively. The substrate with the two-layer structure of COF has the advantages of better flexibility, higher density packaging, fine-pitch capability, and better durability in high temperature because of the lack of an adhesive-layer of the TAB substrate. Due to these advantages, COF technology has been extensively studied and many manufacturers have attempted to change to COF fabrication. 46 ) COF technology mainly uses a lead-free solder, anisotropic conductive adhesives (ACAs) and nonconductive adhesives (NCAs). Among them, ACFs have been applied as the main material in LCD applications due to their potential advantages such as low processing temperature, high-resolution capability for finepitch, use as an environmentally friendly material, and fluxfree processing. 7, 8) For bonding techniques using ACFs, a thermocompression (TC) bonding process has been generally used. However, the TC bonding technique uses a combination of temperature and pressure to form the interconnections. The TC bonding process has critical problems such as large thermal deformations of the assembly, cost and long processing time. Therefore, it is necessary to find alternative bonding processes to reduce the bonding temperature, time and pressure. It is well known that the TS bonding technique uses thermal bonding energy with ultrasonic vibrations for metal-to-metal interconnections to result in low processing temperature and fast processing time. In previous studies, 9) ACF chip-on-glass (COG) bonding using thermosonic energy was introduced. After a humidity storage test (333 K, 90%RH, 100 h) and thermal shock storage test (243 K, 1 h § 353 K, 1 h, 10 Cycles), it was observed that the bonding temperature and bonding time for the TS bonding technique could be reduced from 483 to 472 K and from 3 to 1 s, respectively, compared to TC bonding conditions.
In this study, a novel COF TS bonding process with ACF using ultrasonic vibrations was investigated. Horizontal ultrasonic vibrations were used for COF bonding, and the mechanical and electrical properties were investigated in comparison to the properties of conventional COF TC bonding.
Experimental

Materials
For the COF TS bonding process, the silicon (Si) chip and flexible substrate were fabricated. For the fabrication of the Si chip, a silicon dioxide (SiO 2 ) layer 500 nm in thickness was formed on a Si wafer, and then a titanium (Ti) layer 50 nm in thickness and a copper (Cu) layer 300 nm in thickness were subsequently sputtered on the SiO 2 layer. Another layer of SiO 2 500 nm in thickness was then deposited on the Cu layer and patterned by photolithography. A Ti layer 50 nm in thickness and a Cu layer 500 nm in thickness were subsequently sputtered on the SiO 2 layer. After the photolithography process, Cu bumps were electroplated on the sputtered Cu layer. The Ti and Cu layers were then selectively etched for patterning of the daisy-chain structure after another photolithography process. The dimensions of the Si chip were 3 © 3 © 0.67 mm 3 with 16 cylindrical Cu bumps. The Cu bump was 100 µm in diameter and approximately 12 µm in height with a 200 µm bump pitch. The flexible substrate was made with polyimide (PI) film with a thickness of 70 µm. The electroless nickel immersion gold (ENIG) plated Cu pad was constructed by electroless-plating and an Au (0.15 µm)/NiP (7 µm) layer was added onto the underlying Cu pad of the PI flexible. The electroless NiP layer contained approximately 15 at% P.
The ACF used in this study consists of thermosetting epoxy resin (T g : 405 K) and conductive particles (TSC22014N, H&S HighTech Co.). The conductive particles were electroless NiP (about 0.15 µm)/Au (about 0.05 µm) plated polymer bead balls. The electroless NiP layer contained approximately 9 at% P. The thickness of the ACF was 50 µm and the diameter of the conductive particles was 4 µm. The density of the dispersed conductive particles on the epoxy film was approximately 5000 (« 1000) pieces/mm 2 . The recommended curing condition specified on the technical report of the manufacturer was 453 K for bonding temperature, 8 s for bonding time, and 2 MPa for bonding pressure. Table 1 shows the specification of the test sample.
Thermosonic (TS) bonding test
COF TS bonding was carried out using an ultrasonic bonder (Model: Fineplacer-LAMDA, FINETECH Co., Germany). Figure 2 shows the COF TS bonding process. The Si chip and PI flexible substrate were carefully cleared using an organic solvent in order to remove any contaminants before the bonding process. The ACF was attached onto the cleaned PI flexible substrate and pre-bonding was carried out with 1 MPa of light pressure and a low temperature of approximately 353 K. After the pre-bonding process, the protecting film on the ACF was removed. The Si chip and PI flexible substrate were aligned and the mounted Si chip was then bonded at the predetermined temperature and pressure with ultrasonic vibrations. The frequency and amplitude of the ultrasonic vibrations were 40 kHz and 2 µm, respectively.
In order to investigate the mechanical electrical properties of the COF assembly, the bonding temperature and dwell time of the ultrasonic vibrations were explored as bonding parameters. The three kinds of bonding temperature conditions of 413, 433 and 453 K had been determined. The two kinds of dwell time of ultrasonic vibrations of 0.5 and 1 s were applied to each of the temperature conditions. Table 2 shows the experimental conditions for the COF TC and TS bonding tests. After the bonding test, the morphology of the conductive path of the bonding interface between the bump of the Si chip and electrode of the PI flexible substrate was observed using field-emission scanning electron microscopy (FE-SEM: Sigma, Carl Zeiss Co. Ltd.). In order to examine the mechanical property of the COF assembly, the assemblies were die-sheared using a bonding tester (PTR-1000, Rhesca Co., Japan) with a 50 kgf load cell. The probe tip width and gap were 10 mm and 12 µm, respectively. The shear rate was 0.5 mm/s (JIS Z 3198-7). In addition, the fracture surface was observed using FE-SEM to analyze the fracture mode of the COF assembly. In addition, the total electrical resistance of the assembly was evaluated using a daisy-chain structure.
Results and Discussion
Bonding formation
To investigate the effect of ultrasonic vibration energy on COF TS bonding formation, COF TS bonding was conducted using ultrasonic vibrations and varying process-related parameters such as bonding temperature and ultrasonic time. Figures 3 and 4 show the cross-sectional FE-SEM images of the TC and TS COF assemblies and the EDS analysis result. As shown in Fig. 3(a) , the conductive particle of the TC COF assembly was slightly deformed, but almost maintained a spherical shape between the chip bump and substrate electrode. It is expected that the trapped conductive particles between the chip and substrate formed an electrical conduction path through the mechanical contacts. Also, EDS analysis confirmed that the squeezed particle was a Ni/Au coated ball.
As shown in Fig. 4 , it could be observed that the Cu bumps of the Si chip interconnected well with the electrode of the PI flexible substrate through the squeezed particle in the all test conditions. The conductive particles of the TS bonding samples were adequately deformed and intimately contacted the bump and electrode. Also, the gap between the bump and electrode was smaller than the gap seen in TC bonding in Fig. 3(a) . As a result of the application of ultrasonic vibrations, the deformation of the conductive particle increased and the gap between the chip and substrate metallizations decreased with increasing bonding temperature. Therefore, it is expected that the electrical property was improved by the intimate contact. Figure 5 shows the die-shear strength results. The measured shear strength of the TC bonding was about 58.2 N. Although some of COF TS bonding showed a somewhat lower shear strength (35.9 N for TSB-1, 46.7 N for TSB-2, 44.5 N for TSB-3), the mean shear strengths of TSB-5 (64.4 N) and TSB-6 (85.4 N) with bonding temperature of 453 K were higher than that of TC bonding. Also, it can be seen that the shear strengths increased with increasing bonding temperature, and ultrasonic vibration dwell time.
Mechanical property
The adhesive joint strength was influenced significantly by bonding conditions, such as temperature, time, and pressure. The higher bonding temperature results in higher curing extent for the binder. As a result, the binder becomes stiffer with a higher modulus. 10) Also, it has been reported that higher bonding temperatures resulted in better crosslinking density and stronger adhesion strength of ACF.
11) Therefore, the increase of additional bonding temperature due to In COF TS bonding, the ACF can be rapidly heated using ultrasonic vibrations. The main component of the ACF polymer is a viscoelastic material that exhibits behavior somewhere in between that of purely viscous and purely elastic materials. The viscoelastic material, including the polymers, is largely deformed when it approaches the glass transition temperature (T g ). At this temperature, the chains of the polymer relax and its complex modulus, which is composed of storage and loss of moduli, decreases. 12, 13) The complex modulus represents the stiffness of a viscoeleastic material and is proportional to the energy stored during a loading cycle, representing the elastic portion. The loss modulus represents the viscous portion and is defined as being proportional to the energy dissipated during one loading cycle. For example, the loss modulus represents energy lost as heat and is a measure of the vibration energy converted during vibration that cannot be recovered. Therefore, it is expected that viscoelastic material may generate a large amount of heat through ultrasonic vibration energy. 14) In addition, the friction between the squeezed conductive particle and the upper or lower electrode produces the partial temperature increasing in TS COF assembly during ultrasonic application under the bonding pressure. From the results, TSB-5 and TSB-6 (higher bonding temperature and application of ultrasonic vibration) showed the higher shear strength compared with those of other TSB cases, however, they showed a relatively higher deviation of shear strength values. It is thought that the additional heat generation due to the viscoeleastic material property of ACF and the friction between the particle and electrode did not occur uniformly throughout the TS COF assembly during the TS bonding process. Therefore, a more study on using the ultrasonic vibration energy for TS COF bonding to decrease the TS bonding temperature and time, e.g., resin material design with high loss modulus, and conductive particle and pad design producing the friction heat generation, should be needed. 
Fracture mode
In order to examine the fracture mode of the COF TS assembly using ACF, fracture surfaces after a die shear test were observed using FE-SEM. Figure 6 shows the fracture surface of the Si chip and PI flexible substrate sides for each sample of TC and TS bonding (TSB-2, TSB-4 and TSB-6). The arrow in the image indicates the shear direction. As shown in TC bonding (Fig. 6(a) ), though some ACF patches were observed around the bump of the Si chip, the fracture occurred at the Si chip/ACF interface and the surface of the Si chip was very smooth. ACF was found on the PI substrate. This means that the fracture surface represented the adhesive fracture mode between the Si chip/ACF interface. It also means that the adhesion between the Si chip/ACF interface was weaker than that of the ACF/PI flexible substrate. This is because the ACF at the PI flexible substrate side becomes more cured than the ACF at the chip side as heat is applied from the substrate side. 15) It is well known that fracture mode is one of the most important characteristics in understanding the relationship with mechanical properties. The adhesive fracture mode is divided into three kinds of modes: adhesive fracture (along one of the two adhesive-adherent interfaces), cohesive fracture (within the thickness of the adhesive layer) and mixed failure (partly between adhesive and adherent). 16) As the bonding temperature increases, the chemical bonding at the interface is stronger, resulting in an increase in adhesion and cohesive fracture mode.
In the case of TSB-2 ( Fig. 6(b) ), the ACF patch was not observed around the bump of the Si chip. Therefore, it can be seen that the fracture surface represented an almost perfect adhesive fracture mode. In addition, the uncured ACF existed on the PI substrate because of the excessively low bonding temperature. As previously mentioned on mechanical properties (Fig. 5) , an insufficient curing of ACF reduces the joint strength, and results in the degradation of electrical properties. On the other hand, as shown in Figs. 6(c) and 6(d), the amount of the ACF patch around the bump of the Si chip increased and the surface of the ACF on the PI flexible substrate became rougher with increasing bonding temperature. That represents rupture of the adhesive bond, which appears to be within the thickness of the adhesive. This is mainly attributed to the cohesive fracture mode. In this case, the fracture mode was changed from adhesive fracture mode to mixed fracture mode when the bonding temperature increased. It revealed that the adhesion between the Si chip and ACF improved substantially. As a result, the shear strength improved with increasing bonding temperature as shown in Fig. 5 . Figure 7 shows the total electrical resistance of the COF assembly bonded by the TC and TS bonding processes. In general, ACFs exhibit insulation property before cure, but the conductivity increases dramatically after cured. ACFs achieve electrical conductivity during the polymer curing process caused by the shrinkage of polymer binder. Higher shrinkage is certainly favorable to an intimate contact between the conductive particle and electrodes, and thus to a lower electrical resistance. At higher bonding temperature and higher degree of cure, the conductive particles remain stable throughout the ACF joints.
Electrical property
From the results, it is clear that the electrical resistance of the TS COF assembly decreases with increasing bonding temperature and ultrasonic dwell time. TSB-3 (6.8 ³), TSB-4 (6.1 ³), TSB-5 (5.3 ³) and TSB-6 (4.6 ³) showed relatively good electrical properties compared to TC bonding (7.3 ³) . This is because the curing of COF TS bonding sufficiently occurred in these processes compared to TC bonding, resulting in sufficient shrinkage of the ACF and good electrical properties. Also, TSB-5 and TSB-6 exhibited a stable electrical property with low deviation of electrical resistance value because the ACF was sufficiently cured by the ultrasonic vibration energy. On the other hand, TSB-1 (11.6 ³) and TSB-2 (10.4 ³) exhibited a relatively higher and more unstable electrical resistance compared to those of other TSB cases, because some parts of the ACF were insufficiently cured as can be seen in Fig. 6(b) .
Conclusion
A new COF thermosonic (TS) bonding process using anisotropic conductive adhesives and ultrasonic vibrations was introduced. The effects of bonding temperature and ultrasonic dwell time on the bonding characteristics such as morphology of the ACF joint, fracture mode, and mechanical and electrical properties were examined and discussed. As the bonding temperature and ultrasonic dwell time increased, the fracture mode changed from adhesive fracture mode to mixed fracture mode (partly between ACF and Si chip), resulting in good mechanical and electrical properties. As a result, the COF TS bonding process using ACF can be effectively applied to reduce both bonding temperature and time.
